Background: Many diagnostic tests for insulin dysregulation use reference intervals established with an insulin radioimmunoassay (RIA) that is no longer available. A chemiluminescent immunoassay (CLIA) is commonly used for the measurement of serum insulin concentration in clinical practice but requires further validation, especially at clinically relevant reference intervals.
M easurement of serum insulin concentration, both basal and after PO or IV glucose challenge, frequently is performed in equine clinical practice to determine the risk or cause of laminitis. Increased basal or dynamic insulin concentration is suggestive of insulin dysregulation, which has been shown to be central to the pathophysiology of endocrinopathic laminitis. [1] [2] [3] [4] [5] Several insulin immunoassays are available commercially, most of which use antibodies against human or porcine insulin and none of which use antibodies specifically generated against equine insulin. 6 Many of the reference ranges commonly used in clinical practice and experimental studies to diagnose insulin dysregulation (e.g, basal insulin >32 lIU/mL 2 or insulin >100 lIU/ mL 45 minutes post-CGIT 7 ) are based on studies using a specific radioimmunoassay (RIA) a that has been validated for use in horses, 8 but is no longer commercially available. A chemiluminescent immunoassay (CLIA) b is commonly used in commercial laboratories for measurement of insulin concentration in clinical samples. One study compared the RIA and the CLIA and found poor agreement between the 2 assays, but when 5 discordant samples from a total of 40 were removed from the data set, bias and total error were within acceptable limits. 9 Considering the common use of the CLIA in clinical practice and experimental studies, further evaluation of the assay is required. The purpose of our study was to evaluate the CLIA for measurement of equine serum insulin concentration and compare it to the previously validated but now unavailable RIA. We hypothesized that, at clinically relevant ranges, differences in serum insulin concentrations between the 2 assays would be clinically unimportant.
Materials and Methods

Serum Samples
Excess equine serum from 3 sources was placed in aliquots and stored at À80°C: (1) Intra-assay CV was calculated with 10 replicates of low (mean, 12.6 lIU/mL), medium (mean, 29.5 lIU/mL), and high (mean, 70.8 lIU/mL) insulin concentration samples from study 3 by the same CLIA cartridge.
Five control samples from study 3 representing a range of mean insulin concentrations (12.7 lIU/mL, 22.1 lIU/mL, 71.8 lIU/mL, 194.8 lIU/mL, and 274.8 lIU/mL) were frozen in aliquots at À80°C and used to determine interassay CV of the CLIA. Replicates were analyzed on 6 different batches of reagents.
Dilutional Parallelism and Effect of Diluent
Four equine serum samples with initial, undiluted insulin concentrations of 83.2 lIU/mL, 150 lIU/mL, 217 lIU/mL, and 281 lIU/mL from study 3 were diluted in ratios of sample:diluent of 2:1, 1:1, 1:2, 1:4, and 1:6, giving dilution factors of 0.33, 0.5, 0.67, 0.8, and 0.86, respectively. Samples were diluted with equine charcoal-stripped serum (CSS), the manufacturer-recommended, commercially available assay diluent for the CLIA c (standard diluent), and 0.9% NaCl d solution to compare the effect of different diluents. Charcoal-stripped serum was prepared in advance based on a method previously described 11 and the manufacturer's datasheet.
e Dextran-coated charcoal e (0.02 g/mL) was added to equine serum, which was left on a laboratory rocker for 12 hours at 4°C. The product then was centrifuged at 2000 g for 15 minutes, decanted, divided into aliquots, and stored at À20°C until use. After thawing, the serum was filtered through a 5-lm inline filter and analyzed to ensure that insulin concentration was zero. Linear regression was performed to determine the intercept and slope for the lines for each diluent. Mean percentage recovery was calculated for each of the 3 diluents at each of the different dilution factors.
Recovery on Addition
Because equine insulin standard solutions are not commercially available, a human insulin standard solution b was used with a mean measured concentration of 46.2 lIU/mL (range, 43-57 lIU/ mL). Two different equine serum samples with low (3.2 lIU/mL) and medium (20.6 lIU/mL) measured insulin concentrations, and CSS (insulin concentration = 0 lIU/mL) were spiked with different volumes of the insulin standard. Recovery was calculated as a ratio of the measured increase in concentration to the predicted increase in concentration, and the mean value calculated.
Comparison between CLIA and RIA Serum samples (n = 78) representing a wide range of insulin concentrations from sources 1 (n = 53) and 2 (n = 25) were thawed and assayed simultaneously by the CLIA and in duplicate by the RIA, according to the manufacturer's instructions. All assays were performed at the Institute of Veterinary Science's clinical pathology laboratory and by the same experienced laboratory technician. The maximum reportable concentrations for the RIA and CLIA were 350 lIU/mL and 300 lIU/mL, respectively; thus, any samples with insulin concentration >300 lIU/mL on either assay (23/78 samples) were diluted 1:10 with CSS and repeated on both assays. Samples below the lower detectable limit for each assay (2 lIU/ mL for CLIA and 5 lIU/mL for RIA) were designated as having an insulin concentration of 0 lIU/mL, because this was considered to be a clinically unimportant difference. Based on how it was obtained, each sample was designated as either a basal insulin, 45 minutes post-CGIT or hyperinsulinemic clamp sample. Binary outcomes were created by cutoff values (20 lIU/mL and 32 lIU/ mL for basal samples and 100 lIU/mL for 45 minutes post-CGIT) commonly used in clinical practice to diagnose insulin dysregulation. Hyperinsulinemic clamp samples were excluded from the binary outcomes data.
Statistical Analysis
Coefficient of variation (%) was calculated as the ratio of the standard deviation to the mean multiplied by 100. An intra-or interassay CV ≤10% was considered acceptable. Dilutional parallelism was assessed by linear regression to determine the slope and intercept of the line in comparison with 1 and 0, respectively. The percentage recovery on dilution and on addition were determined by calculating (measured concentration/expected concentration) 9 100. Recovery of 100 AE 10% was considered acceptable.
Comparison between the CLIA and RIA was made by Deming's regression method 12 and the strength of the linear relationship by Spearman's rank correlation coefficient. Agreement between the 2 methods was performed by Bland-Altman analysis. 13 These analyses were performed for all samples, and then also for samples with CLIA insulin concentrations <300 lIU/ mL and <100 lIU/mL to provide more specific data for the most clinically relevant concentration ranges. Agreement between binary outcomes for RIA and CLIA was assessed by Cohen's kappa with j value interpretation as <0. 
Results
Precision: Intra-and Interassay Coefficients of Variation
Precision of the CLIA assay was excellent, with intraassay CVs of 1.8, 2.4, and 1.9% for low, medium, and high insulin concentrations, respectively. Similarly, interassay CVs were all within acceptable limits, with 6.1, 5.4, 3.0, 7.1, and 5.9% for samples with mean insulin concentrations of 12.7 lIU/mL, 22.1 lIU/mL, 71.8 lIU/mL, 194.8 lIU/mL, and 274.8 lIU/mL, respectively.
Dilutional Parallelism
Dilutional parallelism with 3 different diluents of an equine serum sample with an initial insulin concentration of 217 lIU/mL is shown in Figure 1 . Linear regression at this concentration indicated the best fit line as y = 1.17x À 27.1 (r 2 = 0.99, P < .001) for CSS, y = 0.96x À 26.7 (r 2 = 0.94, P = .007) for standard diluent, and y = 1.18x À 39.1 (r 2 = 0.99, P = .001) for 0.9% NaCl.
Mean percentage recovery from the 4 initial insulin concentrations was calculated for each of the diluents at different dilution factors and is shown in Figure 2 . For all diluents, percentage recovery decreased as the dilution factor increased, and dilutional parallelism was not observed. Overall, mean percentage recovery was greater for CSS compared with standard diluent (P < .0005) and 0.9% NaCl (P < .0005). No significant difference in mean percentage recovery was detected between CSS and 0.9% NaCl at dilution factors 0.33 (P = .49) and 0.5 (P = .29). When using CSS as a diluent, the mean recovery at a dilution factor of 0.33 (2:1 sample:CSS) was 90.9%, and at dilution factors ≥0.5 (1:1 sample:CSS), mean recoveries were ≤80.6%.
Recovery on Addition
Recovery of the insulin standard is shown in Figure 3 . The mean (95% confidence interval [CI]) percentage recoveries from the 3 different initial concentrations (0 lIU/mL, 3.2 lIU/mL, and 20.6 lIU/mL) were all within the acceptable range, at 99.8% (CI, 92.1-107.5), 106.9% (CI, 98.0-115.8), and 100.1% (CI, 91.0-109), respectively.
Comparison between CLIA and RIA Scatter plots of all CLIA concentrations, CLIA concentrations <300 lIU/mL, and CLIA concentrations <100 lIU/mL against RIA concentrations with a line of best fit derived by Deming regression analysis and a reference y = x line are shown in Figure 4A , B, and C, respectively. There was strong positive correlation (r = 0.91-0.98, P < .0005) in all 3 comparisons. For all CLIA concentrations (Fig 4A) , the gradient (95% CI) of the best fit line was 1.24 (CI, 1.14-1.34), and the intercept (95% CI) was À7.98 (CI, À16.6 to 0.59). For CLIA concentrations <300 lIU/mL (Fig 4B) , the gradient (95% CI) of the best fit line was 1.27 (CI, 1.04-1.49), and the intercept (95% CI) was À12.26 (CI, À19.35 to À5.16). For CLIA concentrations <100 lIU/ mL (Fig 4C) , the gradient (95% CI) of the best fit line was 0.84 (CI, 0.77-0.92), and the intercept (95% CI) was À2.4 (CI, À4.87 to 0.07).
A Bland-Altman plot (Fig 5A) of all samples showed a fixed bias with CLIA concentrations a mean of 50.4 lIU/mL higher than RIA concentrations, and with 95% limits of agreement (LOA) of À261 to 160 lIU/ mL. When only samples with CLIA <300 lIU/mL were included (Fig 5B) , the fixed bias (0.5 lIU/mL) was not significant, and 95% LOA were À38.7 to 39.6 lIU/mL. For samples <100 lIU/mL (Fig 5C) , a fixed bias was present with RIA concentrations a mean of 6.2 lIU/mL higher than CLIA concentrations, with 95% LOA of À9.5 to 21.8 lIU/mL.
The kappa statistic of agreement between the RIA and CLIA for binary outcomes at diagnostic cutoff values for insulin of >20 lIU/mL was 0.66 (95% CI, 0.43-0.88; P < .0005); for >32 lIU/mL, it was 0.94 (95% CI, 0.82-1; P < .0005); and for >100 lIU/mL, it was 1.0 (95% CI, 1.0-1.0; P < .0005).
Sensitivity, specificity, and negative and positive predictive values of CLIA against RIA as the gold standard for the 3 diagnostic cutoffs are shown in Table 1 .
Discussion
Performance measures of the CLIA in our study indicate that it has high precision, both within and between runs and at a wide range of clinically relevant insulin concentrations. Accuracy of the assay is variable however with very good recovery on addition but acceptable recovery on dilution only when CSS or 0.9% saline is used and at low dilution factors. When compared to the previously validated RIA, serum insulin concentrations measured with the CLIA were strongly and positively correlated. Significant constant and proportional biases were detected, which varied according to insulin concentration. When binary outcomes at commonly used diagnostic cutoffs were compared, there were reasonable to good levels of agreement, sensitivity, specificity, and predictive values.
The high intra-and interassay precision of the CLIA at clinically relevant insulin concentrations found in our study means that any differences detected over time or between samples are likely to be real rather than due to assay variability. A clinical example would be serial monitoring of basal insulin concentration before and after a period of dietary restriction. The CLIA compares favorably to the reported precision of other immunoassays for measurement of equine insulin, with the RIA, for example, having reported intra-assay CVs ranging from 4.4 to 10.7% 8, [14] [15] [16] and other ELISAs having CVs as high as 19.9%. 14 The automated processes used for the CLIA mean that some of the imprecision that can be caused by operator error during manual assays 8 is avoided. All CLIA results in our all samples (n = 78), (B) samples with CLIA<300 lIU/mL (n = 57), and (C) samples with CLIA <100 lIU/mL (n = 47). All samples with an initial CLIA >300 lIU/mL were diluted 1:10 with charcoal-stripped serum for both assays. The solid line represents the line of best fit derived from Deming regression analysis and the dotted line is a y = x reference.
study were obtained using a single analyzer. b Other platforms in the same range of analyzers exist, and although they use the same antibodies, reagents, and standards, variability is possible among platforms and among individual analyzers using the same platform. Ideally, normal reference intervals should be established for each individual analyzer.
A diluent c consisting of concentrated insulin-free nonhuman serum matrix with preservative is supplied by the manufacturers of the CLIA intended for automated onboard (dilution factors specified by the operator) or manual dilution before loading of samples that exceed the reportable range of the assay (>300 lIU/mL). Although the CLIA still gives results for insulin concentrations above this limit, it is recommended in the manufacturer's instructions that sample dilution be performed. To our knowledge, no comparisons of diluents for the CLIA have been published. Our study showed that mean recovery at most dilution factors and initial concentrations was higher after dilution with CSS compared with the standard diluent or 0.9% NaCl. The exception was at dilution factors 0.33 and 0.5, where no significant difference in percentage recovery between CSS and 0.9% NaCl was detected. Two previous studies using the RIA showed similar results, where recovery of insulin was higher after dilution with CSS compared to phosphate-buffered saline, distilled water, and the zero standard supplied. 8, 14 With all diluents in our study, percentage recovery of insulin decreased with increasing dilution, presumably due to interference with antibody binding or an alteration in the effective insulin concentration caused by substances in the diluent. Dilution factors >0.33 decreased the percentage recovery to below 90%, so at high insulin concentrations the increased dilution required to bring the insulin concentration to within the reportable range might falsely decrease the final result. Hence, it is recommended that the lowest possible sample dilution be used to minimize this effect. At lower dilution factors, 0.9% NaCl offers advantages over CSS, such as ease of preparation and consistency among batches and laboratories, for no demonstrated difference in recovery. Given the recovery data above, a weakness in the design of our study was that all samples with an initial insulin concentration >300 lIU/mL were diluted 1:10 before being measured with CLIA and RIA. This is likely to have underestimated the insulin concentration in these samples more than if a lower dilution had been used.
The amino acid sequence of mammalian insulin is well conserved, with the equine insulin molecule differing by only 2 amino acids from humans and 1 amino acid from porcine insulin. 17 These differences result in alterations in secondary, tertiary, and quaternary structure and antibody binding site conformation, leading to variable specificity of insulin immunoassays for different mammalian insulins. Although there is an ELISA that has been optimized for use in horses h , no immunoassay currently available uses antibodies that have been raised specifically against equine insulin or equine insulin standards. An equine insulin standard i solution used in an earlier validation study 9 has been discontinued, meaning that human insulin standards had to be used for recovery on addition in our study. Recovery on addition was within acceptable limits, which contrasts with the poor recovery obtained with the equine insulin standard on the CLIA and RIA in the aforementioned study. 9 This difference is most likely caused by the different types of insulin used, but the concentration of the standards was not confirmed with liquid chromatography-mass spectrometry (LC-MS) in either study and could have influenced results.
The lack of equine-specific standards or access to a reference assay makes assessing the accuracy of any equine insulin assay difficult. For the CLIA in our study, accuracy was determined by comparison with the RIA, because it has been used widely in experimental studies and showed the best performance in a study of 5 insulin assays for horses. 8 The gold standard technique for insulin quantification is LC-MS, 18 but it was not used in our study due to lack of availability. To our knowledge, insulin LC-MS has been used to measure equine serum insulin concentration in only 1 study. 8 In that study, insulin concentration determined by LC-MS had only moderate correlation with the RIA assay, with consistent underestimation of insulin concentration by the RIA. Standardization of human insulin immunoassays with isotope dilution-liquid chromatography-tandem mass spectrometry resulted in successful reductions in total error 18 ; a similar process could be applied to improve the accuracy of equine insulin assays.
There was a strong correlation between the RIA and CLIA in our study. There were small but statistically significant constant and proportional biases, however, which varied according to concentration. Results from the CLIA tended to be higher than those of the RIA for high concentrations of insulin, whereas the opposite was the case for lower concentrations (<100 lIU/mL). The gradients and intercepts seen from Deming regression analysis line of best fit reflect this finding, and although most were significantly different from 1 and 0, respectively, these differences were relatively small.
A limitation of our study was that most of the high insulin concentration (>300 lIU/mL) samples were from study 2 and most of the low samples were from study 1. The horses, diagnostic test performed, and sample storage time were different between the 2 groups of samples, and this difference might have influenced the relative performance of the CLIA and RIA. The euglycemic hyperinsulinemic clamp samples from study 2 (all of which had insulin concentrations >530 lIU/mL on RIA and >742 lIU/mL on CLIA) will have contained largely recombinant human insulin, whereas the post-CGIT samples from study 1 are likely to have contained a mixture of human and endogenous insulin. As described above, antibody binding affinity can vary among heterologous insulin molecules and an assay comparison using samples with only endogenous insulin, for example, after PO sugar test, might yield different results. In addition, in our study any samples with an initial CLIA insulin concentration >300 lIU/mL were diluted with CSS before CLIA and RIA analysis, and this dilution might have affected final results differently for the RIA and CLIA.
Binary outcomes from the 2 assays at 3 different cutoffs demonstrated generally good performance of the CLIA compared with the RIA. The tendency for the CLIA to give lower results than the RIA at low concentrations is reflected in the lower sensitivity and negative predictive values seen for the 20 lIU/mL cutoff, but not the 32 lIU/mL cutoff, which had excellent sensitivity and specificity. Deming regression analysis of insulin concentrations <100 lIU/mL resulted in a best fit line gradient (95% CI) of 0.84 (CI, 0.77-0.92), meaning that when using RIA derived cutoffs, a CLIA result should be interpreted as having good specificity but lower sensitivity.
To summarize, the CLIA had good precision, recovery on addition and with CSS as the diluent and low dilution factors, adequate recovery on dilution. On this basis, the performance of the CLIA should be considered adequate for comparative measurements of equine insulin, for example, monitoring response to dietary intervention, or comparing groups of horses in experimental studies. The accuracy of the CLIA is difficult to assess with no specific reference standards or assays for equine insulin, and further research to establish standardization and validation of assays is warranted. In comparison with the RIA, the CLIA had fixed and proportional bias. At the range of insulin concentrations most commonly used for diagnostic purposes (0-100 lIU/mL), there was reasonable agreement between the assays. Small proportional and fixed biases were detected which resulted in CLIA underestimating the insulin concentration compared with RIA. When using diagnostic cutoffs for insulin dysregulation that have been determined by the RIA, CLIA results should be interpreted accordingly. 
